The reactivity of functionalized ynamides and arylynamines with tetracyanoethylene at room temperature has been evaluated. In most cases, the corresponding 1,1,4,4-tetracyanobutadienes (TCBDs) have been obtained in good to excellent yields, following a sequence of [2+2]cycloaddition and [2+2]retroelectrocyclization. The influence of diverse functional groups on the yield of the reaction has been investigated, in particular concerning multiple ynamides. These TCBDs have been characterized by various spectroscopic techniques, electrochemistry and X-Ray diffraction for some of them.
Introduction
The synthesis of 1,1,4,4-tetracyanobutadienes (TCBDs) has met an increasing interest over the last years. [1] Actually, the properties of such molecules could be of particular interest given their exceptional electron-accepting ability and their intense non-linear absorption in some cases. [2] Moreover, their ease of synthesis could also explain their recent rise. Indeed, a certain number of research groups have shown that some organic alkynes activated by an electron-donating group (EDG) could readily react with tetracyanoethylene (TCNE) according to a sequence of [2+2]cycloaddition-retroelectrocyclization (CA-RE) to afford the corresponding TCBDs in variable yields. [ 3 , 4 ] In some examples (p-aniline, azulene, heteroazulene and rich porphyrin substituted alkynes), there is no need for heating the reaction or using an excess of TCNE to reach yields over 90%. [4] Therefore, this type of Wavelength"(nm)" reaction seems to meet the requirements of the "click" reactions as defined by Sharpless and coworkers in 2001. [5] However, this reaction is very dependent on the nature of the EDG. There is a right balance to find between using an EDG which is rich enough to make the CC triple bond react with TCNE, and an EDG which is too rich and induces an over-reaction of the alkyne with the TCBD itself, producing thus a complex mixture with the formation of multiple oligomers and / or the desired TCBD in bad yield. Following this idea, we recently reported that ynamides [6] could be incorporated in the list of compounds which readily react with TCNE in generally high yields, the nitrogen playing the role of the EDG (scheme 1). [7] We now report on the extension of the scope of the reaction with differently functionalized ynamides, including unsaturated groups that could potentially also react with TCNE or the formed TCBD. [8] Moreover, systems bearing two ynamide functions conjugated to each other were investigated. This study also conducted us to investigate the reactivity of aromatic ynamines. Scheme 1. Reaction between an ynamide and TCNE.
Results and discussion
We first evaluated the influence of the different three groups of an ynamide (EWG, R 1 and R 2 in Table 1 ). All the experiments used 1 equivalent of TCNE and were carried out in dichloromethane at room temperature during 16 hours (unless otherwise stated).
We started by evaluating the influence of aromatic and heteroaromatic moieties conjugated to the triple bond (R 1 in table 1). When the phenyl was used, ynamide 1, [9] which can be considered in this study as a model compound, allowed for the formation of the corresponding TCBD 2 in 98% yield (table 1, entry 1) as already reported. The phenyl can be substituted by a naphtyl (ynamide 3) or a p-fluorophenyl group (ynamide 23) [10] without any dramatic effect on the yield of the reaction (entries 2 and 12). Heteroaromatic substituents can also be used since furanyl (ynamide 5) and thiophene (ynamide 19) [10] gave the corresponding TCBDs 6 and 20 in 97% and 87% yields respectively (entries 3 and 10). Surprisingly, when an anthracenyl substituted in 9-position (ynamide 7) was reacted, no TCBD could be obtained (entry 4). Only the starting material was recovered. No other sidereaction (such as a Diels-Alder cycloaddition) was observed. The rational for such a poor reactivity might come from steric hindrance of protons located in 1 and 8-positions that "protect" the triple bond.
As already observed, the nature of the EWG does not seem to have an influence since replacing the tosyl group by a Boc group (ynamide 21) [11] led to TCBD 22 quantitatively (entry 11). We also evaluated the influence of the group linked to the nitrogen (R 2 in table 1). When using a phenyl group (compound 9) [12] instead of benzyl group, the reaction was completely inhibited and the corresponding TCBD 10 was not obtained (entry 5). This observation could be explained by a partial delocalization of the electron doublet of the nitrogen over this phenyl ring, which makes it less available to enrich the CC triple bond. In this case, we thus deduced that the triple bond was not electron-rich enough to react with TCNE. This group could also be replaced by an allyl function (ynamide 11) [10] without any detrimental effect (formation of TCBD 12 in 94% yield, entry 6). It is noteworthy that there was no further cycloaddition involving the allylic double bond and the TCBD group. One might have anticipated that a Diels-Alder reaction was possible as observed in other similar compounds. [8, 13] This system is probably too strained to allow for any further reactions, [14] at least at room temperature. This reaction is also compatible with a propargylic group (ynamide 13) [15] since the corresponding TCBD 14 was obtained in 64% yield (entry 7). Contrary to what was observed with the allylic group, a significant decrease of the yield was observed. Nevertheless, the conversion could be improved to 91% by stirring the reaction mixture during 58 hours instead of the standard 16 hours. Therefore, a propargylic group does not inhibit the reaction but only slows it down. No further reaction with the terminal triple bond was observed, and as one could have anticipated, the selectivity between the two CC triple bonds present in ynamide 13 is total.
Then, we tested the influence of a non-aromatic system linked to the triple bond on the CA-RE sequence (R 1 in table 1). After observing that a propargylic group could slow down the reaction, we wanted to evaluate the influence of a CC triple bond conjugated to the CC triple bond of an ynamide. Surprisingly, when a phenylacetylene unit was conjugated (ynamide 15), the reaction was completely inhibited and the corresponding TCBD 16 has never been obtained: 95% of the starting material was recovered after purification (entry 8). Heating the reaction mixture did not change the result. A possible reason for this non-reactivity could be that electron density of the CC triple bond linked to the nitrogen might be decreased because of the conjugation with the second triple bond. On the contrary, when a vinyl group was conjugated (ynamide 17), [10] the reaction worked perfectly and gave the expected TCBD 18 in 94% yield (entry 9). Once again, the presence of the double bond did not induce the formation of by-products or over-reactions. These figures show that the presence of CC double bonds is not detrimental to the formation of TCBDs, contrary to conjugated CC triple bonds. A cyclopropyl group (ynamide 25) [16] could also be used to lead to the corresponding TCBD 26 in 86% yield (entry 13). Taking into account that a phenyl group directly linked to the nitrogen of an ynamide completely inhibits the reaction with TCNE, we wondered whether similar compounds without EWG but only aromatic groups could react. For this purpose, three compounds were investigated (Scheme 2). The first one was the acridinone derivative 27. [17] No reaction was observed in this case. The electronic doublet of the nitrogen is probably too delocalized over the aromatic rings rather than the CC triple bond so that it is not reactive enough. The presence of the ketone in addition to aromatic systems conjugated with the nitrogen is probably detrimental to the reaction. This is the reason why another similar compound was tested without this ketone, namely the carbazole ynamine 29. [18] The corresponding TCBD 30 was obtained in a very good yield of 83%. This experiment completes the observation recently made by Kato and collaborators that carbazole is also a good activating group for initiating CA-RE with TCNE. [3f] Similarly the indole ynamine 31 [19] was also reacted and provided TCBD 32 in 59% yield. Concerning the formation of both TCBDs 30 and 32, no byproducts were isolated. The yield is therefore significantly lower than with ynamides, even though it is important to note that no optimisation of these reactions was attempted. Nevertheless, these last two experiments confirm that arylated ynamines can also provide TCBDs in good yields, [20] contrary to alkylated ynamines that probably over-react with TCNE to lead to a mixture of numerous products in low yields. [7] This observation opens new prospects in the field of optoelectronics for this reaction since compounds 30 and 32 both absorb light in the visible range ( Figure 2 ).
Scheme 2. Evaluation of the reactivity of arylated ynamines.
It is noteworthy to notice that 7,7,8,8-tetracyanoquinodimethane (TCNQ) can also be a good reactant for CA-RE with some activated alkynes, although not as reactive as TCNE. [ 3c,4d ,21] We tested the reactivity of this compound with some ynamides or ynamines described in this paper, but we never observed the expected reactivity, neither at room temperature nor at higher temperature. The majority of the starting material was recovered. Consequently, we conclude that ynamides are able to react with TCNE but not TCNQ.
TCBDs 4, 6, 14, 18, 20, 24, 26 and 30 were characterized by X-ray diffraction (Figure 1 ), additionally to NMR spectroscopy and high-resolution mass spectrometry. As already observed for other TCBDs, the two dicyanovinyls are not in the same plane. The torsion angle measured for the first seven TCBDs is below 90° (between 60° and 86°) as usually observed for TCBDs whereas for compound 30 it is over 90° (136°). This is probably due to steric hindrance that precludes the TCBD moiety to stand in s-cis conformation. The orientation of the unsaturated group (R 1 in Table 1 ) linked to the TCBD group differs from one another, depending on their nature. In the case of naphtyl, phenyl fluorophenyl and carbazole groups (compounds 4, 14, 24 and 30 respectively), the torsion angle between the dicyanovinyl and the aromatic group is comprised between 43 and 63°. In these cases, this observation means that the aromatic groups are fairly conjugated to the TCBD, which can be explained by steric hindrance. On the contrary, in the case of the furanyl, vinyl and thiophenyl groups (compounds 6, 18 and 20), the torsion angle is comprised between 10° and 20°, meaning that these groups are much more conjugated to the TCBD. This can be explained by their geometrical nature that allows for a less congested conformation. Moreover, an intramolecular π-stacking is observed between the tosyl group and the aromatic group for naphtyl 4 and for thiophenyl 20. The distance between the tosyl and the aromatic group is 3.4 and 3.5 Å respectively. Intermolecularly, some recurrent interactions can be observed. Numerous N-H bond between nitriles and aromatic or benzylic protons are at stake. Tosyl groups also participate to interactions with O-H bonds between oxygens of the sulfonamide function and aromatic protons. In only two cases dipole-dipole interactions can be observed between TCBDs in compounds 4 and 20. Intermolecular π-stacking could not been evidenced, probably because of a too important steric congestion. In order to evaluate the possibility to perform multiple TCNE additions on the same molecule, we reacted conjugated bis-ynamides [22] with two equivalents of TCNE in the same conditions as previously described (Scheme 3). We started with mono-phenyl bis-ynamide 33 which was reacted overnight at room temperature with two equivalents of TCNE. The major product obtained was the mono-adduct 34 in 79% yield. Trace amount of the bisadduct was observed by 1 H NMR spectroscopy. The first addition of TCNE probably deactivates the second CC triple bond because of the strong electron-withdrawing properties of the TCBD moiety. Therefore, the second ynamide function was much less reactive. The same reaction was tested with bis-ynamide 35 containing a thiophene unit instead of the phenyl group. In that case, the mono-adduct 36 was exclusively formed in 97% yield, despite the presence of two equivalents of TCNE. The same phenomenon as with bisynamide 33 is at stake and is even reinforced by the fact that a thiophene is a better conducting unit than a phenyl so that the effect of the presence of one TCBD on the second triple bond is much stronger. This deactivation of the second conjugated triple bond is in major contrast with what has been observed with other good activating groups, [4b,4c,23] except with porphyrins where such a behavior has also been observed. [4d] On the contrary, when using bis-ynamide 37 containing a triphenylamine spacer, the only isolated product was bis-adduct 38 (92% yield). It can be explained by the fact that this unit itself is a strong activating unit [21c,24] and that the distance between the two triple bonds (two phenyls and one nitrogen atom) is longer than in the previous cases. The fact that multiple additions of TCNE are possible on the same molecule offers interesting opportunities for the synthesis of larger molecular systems, such as dendrimers [25] or polymers [26] in the future. Most of the new TCBDs were characterized by cyclic voltammetry (figure S1). In general, they exhibit two reversible reduction waves around -0.5 and -1.0 V vs ferrocene, which are reminiscent to their electron super-accepting properties ( Table 2) . Both dicyanovinyl moieties are subsequently reduced with one electron each time. Particularly noteworthy is the case of compound 38 where two distinct waves were observed around -0.5 V vs ferrocene, indicating a significant electronic coupling concerning the first reduction of the two TCBD moieties. The second reduction wave around -1.0 V vs ferrocene does not exhibit such a coupling since this reduction appears as one reversible two-electron wave. The UV-vis absorption properties of these new compounds are very dependent on the nature of the group linked to the TCBD moieties. As indicated in figure 3, compounds 34, 36 and 38 exhibit very different absorption spectra in the visible range, with respective absorption maxima at 417, 468 and 604 nm. In particular, compound 38 absorbs in the whole visible range, which allow to envisage different applications in opto-electronic devices. The maximum absorption coefficients of these three species are comprised between 1.2 x 10 4 and 1.8 x 10 4 mol -1 .L.cm -1 in this region. To conclude, we have explored the scope and limitations of the reaction between functionalized ynamides or arylynamines and TCNE. In most cases, TCBDs were obtained in good to excellent yields. Only steric hindrance and conjugated triple bonds inhibit the reaction. This study was crucial to evaluate the compatibility of this reactivity with the elaboration of diversely functionalized structures. The possibility to run the reaction several times on the same substrate allows us to potentially build more complex systems for diverse applications in different fields such as photovoltaic devices [27] or non-linear absorbers [28] to exploit the exceptional electron-accepting properties of such TCBD moieties. 
Experimental Section

General information
Reactions were monitored by thin layer chromatography (Merck TLC silica gel 60 F 254 on aluminum sheets) and visualized under UV irradiation at 254 nm or KMnO 4 staining solution. Compounds were purified by column chromatography using Geduran ® silica gel 60 (0.040 -0.063 nm). NMR spectra were recorded on Bruker Avance 400 MHz spectrometer. Spectra were recorded in deuterochloroform referenced to residual CHCl 3 ( 1 H, 7.26 ppm) or CDCl 3 ( 13 C, 77.2 ppm). Chemical shifts (δ) are reported in ppm and coupling constants (J) are reported in Hz. The following abbreviations are used to describe multiplicity: s-singlet, ddoublet, t-triplet, dt-doublet of triplet, td-triplet of doublet, tt-triplet of triplet, ddd-doublet of doublet of doublet, ddt-doublet of doublet of triplet and m-multiplet. HRMS experiments were carried out on a Waters Q-Tof 2 (ESI) spectrometer.
Electrochemical experiments
Electrochemical Setup and Procedure All electrochemical measurements were performed with an Autolab PGSTAT 12 (Metrohm) and a conventional three-electrode system, comprising a glassy carbon (GC) electrode as working electrode, a platinum wire as the auxiliary electrode, and SCE electrode (Metrohm) as reference electrode. Ferrocene/ferrocenium redox couple was used as an internal reference and all potential are indicated versus this redox couple for clarity. The GC electrodes were purchased from CH Instrument, Inc. (Tx, USA) as 2-mm-diameter rods. The electrodes were polished with grit. 4000 SiC paper (Struers) wetted with Milli-Q water. The electrodes were thoroughly rinsed with Milli-Q water and acetone. The electrodes were dried with an argon gas stream, before measurements.
Crystallography
All measurements were made in the x-scan technique on a CCD Saphire 3 Xcalibur (Oxford Diffraction) or an APEXII Bruker-AXS diffractometer with graphite monochromatized Mo Kα radiation. The structure was solved by direct methods. [29] The non-hydrogen atoms were refined anisotropically by the full-matrix least-square techniques using the program SHELXL97. [30] All the hydrogen atoms bonded to C atoms were located geometrically and treated using a riding model, with C-H = 0.95-1.00 Å and Uiso(H) = 1.2 or 1.5Ueq(C).
Synthesis
Compound 4
A solution of ynamide 3 (200 mg, 0.486 mmol) and TCNE (62.0 mg, 0.486 mmol) in CH 2 Cl 2 (5 mL) was stirred at r.t. for 16 h. The mixture was concentrated under reduced pressure and purified by column chromatography (pentane:EtOAc 8:2) to give TCBD 4 (260 mg, 0.482 mmol, 99%) as an orange solid. 
Compound 6
A solution of ynamide 5 (200 mg, 0.569 mmol) and TCNE (72.9 mg, 0.569 mmol) in CH 2 Cl 2 (5.5 mL) was stirred at r.t. for 16 h. The mixture was concentrated under reduced pressure and purified by column chromatography (pentane:EtOAc 7:3) to give TCBD 6 (266 mg, 0.555 mmol, 97%) as a yellow solid. 
Compound 20
The spectroscopic data are similar to those reported in the literature. [7] Crystal data: Crystallogenesis: liquid diffusion from a CH 2 Cl 2 solution into cyclohexane; Formula: C 26 
Compound 22
A solution of ynamide 21 (200 mg, 0.651mmol) and TCNE (83 mg, 0.651 mmol) in CH 2 Cl 2 (10 mL) was stirred at r.t. for 18 h. The mixture was concentrated under reduced pressure and purified by column chromatography (petroleum ether:Et 2 O 1:0 to 1:1) to give TCBD 22 (285 mg, 0.650 mmol, 99%) as a brown solid. 1 
